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Abstract 
Peel tests are used in Photovoltaic (PV) 
industry to check the encapsulation quality of 
PV modules. The test results are influenced by 
variable factors including peel speed, peel 
angle, mechanical strength of both adhesive 
and adherend, as well as testing environment. 
This paper analyses the correlation of 
measured peel strength with several main 
factors of peel speed, peel angle and curing 
state of encapsulant. Laminates with a structure 
of Glass-Ethylene Vinyl Acetate (EVA) - double 
Polyethylene Terephthalate (PET/PET) are 
fabricated at variety conditions to achieve 
different curing states of EVA. Peel test 
between glass and EVA of these laminates are 
examined at the angle of 90
o
. Peel strength at 
different speeds and at angles of both 90
o
 and 
180
o
 are also evaluated at fixed lamination 
condition. Finite Element Model (FEM) for 90
o
 
peel test is developed using Abaqus software. 
The interfacial fracture energy between Glass 
and EVA is calculated using Virtual Crack 
Closure Technique (VCCT). Results show that 
peel strength increases with the increasing peel 
speed and curing state. Fracture energy 
calculated from FEM modelling also indicates 
an increasing trend with peel speed.  
 
1. Introduction   
Peel tests are one of the most frequently 
used methods to evaluate the adhesion 
between different layers of encapsulation 
materials for PV modules like the encapsulant 
and backsheet. The increasing requirements for 
more reliable and safety PV modules increase 
the demand for peel test. Typically, these tests 
tend to be rather noisy and it is not always easy 
to draw quantitative conclusions. The test is 
influenced by variety factors such as peel 
speed, peel angle, geometry of the specimen, 
sample preparation and environment [1]. The 
selection of these factors is often based on 
experience or convenience rather than science 
and it appears justified to have a scientifically 
derived set of parameters for a robust operation 
of this measurement system.  
Ethylene vinyl acetate (EVA) is the most 
commonly used encapsulant material in PV 
industry. Cross linking and coupling reactions 
happen during lamination to increase the 
mechanical strength of EVA and adhesion 
strength with substrate of glass and backsheet. 
The adhesion strength of EVA with 
glass/backsheet is expected to be influenced by 
the curing condition. This paper evaluates the 
effects of several main factors of peel speed, 
peel angle and curing state of EVA on peel 
strength between Glass and EVA. Finite 
Element Method was developed to simulate 90
o
 
peel test in Abaqus software for the calculation 
of interfacial fracture energy between Glass and 
EVA using Virtual Crack Closure Technique 
(VCCT). 
 
2. Experiment 
Laminates with a structure of Glass-EVA- 
PET/PET were used in this study to analyse the 
peel strength and interfacial fracture energy 
between glass and EVA. Samples were 
laminated at different set of curing temperature 
and time duration conditions under 1atm 
pressure. Table 1 below presents the curing 
conditions used for laminating the samples. 
 
Table 1 Conditions for curing samples 
Temperature (
o
C) Time (min) 
145
o
 8, 11, 14 
150
o 
6, 8, 11 
 
  Curing state is taken as an index of the quality 
of lamination which is the percentage of the 
crosslinked part of EVA. It was performed by 
Differential Scanning Calorimetry (DSC) 
technique. The backsheet together with EVA is 
cut by laser into strips that can be consistently 
peeled away. Laser-cutting is a quick and 
precise cutting method with accurate control of 
cutting depth and it ensures parallel strips. 90
o
 
  
peel test was performed on the samples cured 
at 145
o
C for 11min at different speeds of 
10mm/min, 50 mm/min,100 mm/min and 150 
mm/min (Fig.1 (a)). 10 strips were peel off from 
the laminates at each given speed to check the 
repeatability of results. 180
o 
peel tests were 
also conducted for another two laminated 
sample and compared with the results at 90
o
 
(Fig.1 (b)). For specimens laminated at other 
conditions, two samples with 16 strips were 
assessed for each condition at 90
o
.  
 
  
(a) 90
0
 Peel Test       (b)   180
0
 Peel Test 
Figure.1 Peel test options commonly used in PV industry 
 
3. Results  
 
3.1 Influence of Peel Speed on Peel Strength  
  Commonly used peel speeds in literature were 
investigated here including 10mm/min, 
50mm/min, 100mm/min and 150mm/min [2-4]. 
This investigation was performed using 90
o
 peel 
test for specimen laminated at 145
o
 for 11 min. 
Fig. 2 presents the effects of test speeds on 
peel strength. It is observed that the peel 
strength increases with peeling rate within the 
investigated speed range. This can be 
attributed to the viscoelastic nature of the 
polymer leading to a zone of plastic or 
viscoelastic deformation at the crack tip which 
is subjected to stress when peeling happens 
(Fig. 3). And the rate of deformation tends to 
increase with the peeling speed.  
 
 
   Figure 2. Effect of peel speed on peel strength 
 
  These results are in agreement with other’s 
work. Inoue and Suganuma [5] investigated the 
relationship between speeds and 90
o
 peel 
strength of anisotropic conductive films joint 
and found that the peel strength of the joints 
linearly increases with the test speed. Similar 
results were also reported by Gardon [6] who 
found that peel strength increases with rates at 
low speeds and is rate independent at high 
speeds. At very high testing speed, the 
deformation rate is high enough so that the 
plastic deformation is suppressed making the 
strength less dependent on testing rates. This 
critical rate is dependent on the thickness of 
adhesive. Therefore, lower rate is preferred 
below the critical value while high speed of this 
value is preferred if it is feasible to reach.  
 
Figure 3 Deformation zone near crack tip 
 
3.2 Influence of Peel Angle on Peel Strength  
  Peel test at 180
o
 was also conducted to 
compare with the results at 90
o
. Tests indicated 
no significant differences between the two 
angles (Fig. 4). The slight differences observed 
may be attributed to the variation of sample or 
test setting up. The dependence of peel 
strength on peel angle is very complex as the 
angle not only changes the fracture rate at the 
peel front but also the rate and extent of tensile 
and bending deformation of the peeling arm.  
 
         Figure 4. Effects of peel angle on peel strength 
 
According to the first law of thermodynamics, 
the relationship between peel strength and peel 
angle can be described as following [7]: 
  
 
         
           
 
 
         
       
  
 
        (1) 
Where P is peel strength, θ is the peel angle, b 
is width of the peel arm, Ga is intrinsic fracture 
energy, Gt and Gb is energy dissipated during 
tensile and bending of the peel arm respectively, 
h is thickness of peel arm, σ is stress under the 
peel force and εa is the produced strain under 
the stress. If the strain of the peeling arm can 
be neglected, the peeling force is proportional 
to the inverse of (1-cosθ). But it is found from 
the experiment that the viscoelastic nature of 
  
the peel arm cannot be neglected so that the Gt 
and Gb which are functions the angle of peel 
front also contribute to the relationship between 
peel strength and peel angle.   
 
3.3 Influence of Curing State of EVA on Peel 
Strength 
  The lamination procedure plays an important 
role in determining the adhesive strength of the 
interfaces. On one hand, coupling reaction 
occurs to form silicon-oxygen covalent bonds 
between silane coupling agents in EVA and 
substrates of glass and backsheet (Fig. 5). On 
the other hand, the mechanical strength of EVA 
is enhanced during cross-linking reaction which 
influences the viscoelastic deformation. Varying 
curing time at 145
o
C and 150
o
C are chosen to 
produce different curing state which is 
determined by DSC with a heat and cooling rate 
of 10
o
C/min (Fig. 6). The DSC measures the 
heat flow during crosslinking reaction between 
EVA and unused peroxide in EVA. And this 
heat flow is proportional to the amount of 
unused peroxide so that the percentage of 
cross-linked EVA is obtained.  
 
 
Figure 5. Coupling reaction during lamination of EVA [8] 
 
 
Figure 6. DSC test Results for the whole cycle 
 
  Fig. 7 shows the dependence of 90
o
 peel 
strength between EVA and glass upon curing 
state of EVA. The measured peel force 
increases with the curing state. A drastic 
increase occurred between gel content in the 
range of 56%-70%. Afterwards, the increase 
rate slows down. At lower curing time of 6 min 
at both 145
o
C and 150
o
C, EVA breakage was 
often observed. This is because the polymer is 
not well cured so that the elasticity of EVA is so 
low that it can easily break even at a stress 
when loading up the peeling arm. The adhesion 
of EVA with backsheet is much lower than that 
with glass side so that it cannot be peeled off 
together with PET.  
 
 
Figure. 7 Effect of curing state on peel strength 
 
4. Finite Element Model of Peel Test  
  A two-dimensional finite element model for the 
90
o
 peel test was modeled with Abaqus 
software to determine the fracture energy. 90
o
 
peel test is chosen because of the easy access 
of the peel force at different speeds measured 
from the above peel test experiment which were 
used in the model (Table 2). Fig. 8 shows the 
schematic for modeling of the 90
o 
peel test 
using quad element with the seam crack 
between the interface of glass and EVA in 
Abaqus. The simulation was performed to 
obtain the forces and displacement near the 
crack zone. Virtual crack closure technique 
(VCCT) [9] was used to calculate the interfacial 
fracture energy between glass and EVA. Fig. 9 
presents the relationship between fracture 
energy and peeling speed. It is found that 
interfacial fracture energy tend to increase with 
the speed of peeling. This trend has been noted 
by many researchers in adhesive area [10-11]. 
The reason for this increase is also attributed to 
local energy dissipation in the plastic or 
viscoelastic deformation zone mentioned in 
Section 3.1. The fracture energy includes two 
parts as following [12]:  
              (2) 
Where GC is the fracture energy, G0 is the 
intrinsic deboning energy to break the chemical 
bonds at the interface, φ is the energy 
dissipated at the deformation zone which is a 
function of crack rate v and test temperature T.  
 
Table 2 Critical load of peeling at different speeds 
Speed (mm/min) Load (N) 
10 75.62 
50 83.72 
100 88.98 
150 95.36 
  
 
 
(a) Schematic of peel test used for Finite Element Modelling 
 
 
(b) Meshing near the seam crack as shown by rectangle 
Figure 8. Finite Element Model of Peel Test 
 
 
Figure 9. Variation of Fracture Energy with Peel Speed 
 
4. Conclusion and Future Work 
  The peel strength has been shown to increase 
with peel speed in the range of 10mm/min to 
150mm/min. Lower peel value is preferable if 
time allows. No obvious differences were 
observed for the correlation between peel 
strength and peel angle of 90
o
 and 180
o
. There 
is an increasing trend of peel force with curing 
state. This indicates the importance of careful 
control of lamination procedure. The fracture 
energy calculated by FEM shows an increasing 
relationship with peel speed as a reason of the 
viscoelastic nature of the polymer which is in 
agreement with the observed effects of peel 
speed upon peel strength.  
  In the next step, the fracture energy obtained 
from FEM will be used for performing 
multiphysics modelling of Photovoltaics and 
predicting the onset delamination for PV 
modules due to environmental effect. 
Degradation study of the adhesion strength 
between glass and EVA will be investigated at 
different damp heat conditions to develop a 
kinetic model for encapsulant adhesion 
degradation of PV modules.  
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